Featured Application: EGCG, an active constituent of green tea acts as a hepatoprotectant by reducing the serum levels of liver functional enzymes, increasing total anti-oxidative capacity, reducing pathological changes and apoptosis. Moreover, EGCG displayed a powerful hepatoprotective additive as it considerably mitigates the liver toxicity and apoptosis induced by DEN.
Introduction
The liver is one of the important organs of our body, having a vital role in the processes of metabolism and detoxification [1] . Around 10% of the world population is oppressed by liver disease [2] . Diseases, such as non-alcoholic fatty liver disease, are actively correlated with obesity, alcoholic steatosis, fibrosis, cirrhosis, and diabetes mellitus. Metabolic syndrome, chronic hepatitis, and hepatocellular carcinoma are some of the most comprehensive and colloquial liver diseases, drawing considerable attention from medical professionals and scientists [3, 4] . In chronic liver injury, a large number of pro-inflammatory cytokines are released from injured cells, which stimulate cells, such as Kupffer cells, to deliver more inflammatory mediators and various types of free radicals. This signal is further amplified by the recruitment of neutrophils to the site of injury. Free radicals' release is known to induce cell/tissue damage via lipid peroxidation. As a result, the wound healing process is also induced to maintain homeostasis, wherein hepatic stellate cells are activated to release fibrogenic mediators accountable for the degradation of damaged cells and construction of new cells. However, Liver fibrosis results from chronic damage to the liver in conjunction with the accumulation of ECM proteins, which is a characteristic of most types of chronic liver diseases during persistent injury, wound healing is disturbed, and the degradation process is constrained. Subsequently, a large amount of collagen accumulates and causes fibrosis or cirrhosis [5] .
Treatment methods involve the use of drugs, such as corticosteroids, anti-tumor necrosis factor (TNF) antibodies, and other antioxidants [6] . Several drugs are directly or indirectly linked to drug-induced liver injury and exhibit trivial adverse drug reactions, such as cell swelling, degeneration, necrosis, inflammation, hemorrhages, and fatty changes. Drug toxicity is a major issue of the available therapeutic drugs against liver disease. Despite these adverse reactions, a large mass of drugs shows stunted incidences of detrimental hepatic reactions. Consequently, liver injury is predominantly diagnosed only after extensive clinical applications of drugs. Antibiotics, statins, non-steroidal anti-inflammatory drugs, antiepileptics, and tuberculostatics are the most common causes of drug-induced liver injury [7] . Similarly, N-nitroso compounds, such as diethylnitrosamine (DEN) and dimethylnitrosamine (DMN), bear hepatotoxic and carcinogenic effects. These compounds are biotransformed to alkylating metabolites that causes DNA adduct formation. This biotransformation is mediated by a cyto-chrome P450 enzyme-dependent pathway, mainly including the enzyme CYP2E1. Parenteral or oral administration of modest quantities of DEN or DMN may cause extensive liver damage, including fibrosis, intense neutrophilic infiltration, extensive centrilobular hemorrhagic necrosis, and bridging necrosis, ultimately resulting in hepatocarcinogenesis. The tenacity of hepatic alterations induced via DEN have allowed it to be used in the establishment of a provocative experimental model for studies in anticipation of pathogenic alterations in hepatocarcinogenesis [8] [9] [10] .
Although prerogative methods of treatment exist for maximum liver diseases, many types still remain immedicable and the emergence of drug resistance is most prevalent [2] . Also, drug-induced liver injury remains a challenge in diagnosis. Therefore, other safe, inexpensive, effective, and more reliable strategies for treatment are needed to control liver-associated diseases. Alternative medicines based on natural products are being increasingly used in the treatment of various diseases without any adverse effects on normal physiological processes. Natural products and their related products are being used as alternatives to conventional drugs in the management of various diseases. They are normally associated with secondary metabolites produced by an organism, which are actively involved in stimulating defense mechanisms against microorganisms, insects, and competing plants. A large number of plant products, including flowers, bark, leaves, and stem, are still commonly used in healthcare management worldwide. They have engendered a rich origin of structurally diverse substances with an expanded range of biological activities that may lead to the development of alternative therapies [11] [12] [13] [14] .
Green tea is one type of tea that is made from Camellia sinensis leaves and is frequently used as a beverage worldwide, including in Saudi Arabia. Green tea is mixture of various compounds and is also rich in polyphenols, which are powerful antioxidants [15, 16] . Among the various polyphenolic substances, epigallocatechin-gallate (EGCG) is usually measured as a primary antioxidant in green tea extract [17] , which has been proposed as being responsible for many of the potential promoting effects of tea [18, 19] . EGCG is supposed to mitigate inflammatory processes and oxidative stress, thereby reducing liver injury [16, [20] [21] [22] . Considering the importance and essentiality of the pathogenesis of liver diseases and its increasing incidence worldwide, we have made this study. Henceforth, an experimental study was performed to evaluate the liver protective effect of EGCG against nitrosodimethylamine-induced liver injury in rats.
Materials and Methods

Animal Model and Sample Collection
Rats (male Wistar 200 ± 25 g), aged 6 weeks, were collected from King Saud University, Saudi Arabia and were acclimatized for one week. The animal house was suitably ventilated with a 12-h cycle of day as well as night light conditions and the temperature was maintained at around 25 • C. The animals were fed a standard rodent pellet diet and had ad libitum access to water. All protocols concerning current study were in compliance with the ethical guidelines of the institute. The animals were categorized into four groups (a total number of eight rats in each group): Group 1: control; group 2: DEN (50 mg/kg bw in vehicle solution, oral gavage); group 3: DEN + EGCG (40 mg/kg bw in vehicle solution, oral gavage); and group 4: EGCG only, Table 1 . All animals were sacrificed after 10 weeks of treatment and samples, such as blood and tissue, were collected for further analysis to achieve the objectives of the study. The serum was collected from the blood by centrifugation for 10 min at 1500× g and stored at a low temperature of −80 • C until further biochemical analysis. The aim of the study was achieved through the measurement of liver enzyme levels, levels of pro-inflammatory markers, expression of Phosphatase and tensin homolog (PTEN) protein through immunohistochemistry, and identification of apoptosis by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. To provide greater insight into the subject, flow cytometry and transmission electron microscopy were done to evaluate the cell cycle and ultra-structural changes of the tissue. The research methodologies were directed towards the following landmark in a stepwise manner. Aspartate transaminase (AST), alanine transaminase (ALT), and alkaline phosphatase (ALP) levels were measured in serum. Total antioxidant capacity (TAC), superoxide dismutase (SOD), Glutathione peroxidase (GPx) and catalase (CAT) were assayed to measure the levels of hepatic injury, according to the instructions provided by the manufacturer (Abcam, UK).
Determination of C-Reactive
Protein, Interleukin-6 (IL-6), and Tumor necrosis factor-α (TNF-α) Serological analysis was performed to measure the serum levels of C-reactive protein (CRP), IL-6, and TNF-α. Specific rat ELISA kits (Abcam, UK) were used for the measurement of serum C-reactive protein (CRP), IL-6, and TNF-α according to the instructions provided by the manufacturer.
Histopathological Analysis
Liver tissues were collected and fixed in 10% formalin solution (neutral buffered saline) and processed for histopathological analysis as per the standardized procedure [23] . A paraffin block was sectioned using a rotary microtome, sections were placed onto glass slides, and then dried overnight. Thin paraffin sections (5 µm) were prepared and then stained with hematoxylin and eosin (H&E) dyes and observed under a light microscope, and photomicrographs were taken by pathologists who were blinded to the control and treatment groups.
Immunohistochemical Analysis
Expression of PTEN protein was analyzed through immunochemistry as per the method previously described [24, 25] . Briefly, tissue sections were deparaffinized in xylene, and treated with 3% hydrogen peroxide for 15 to 20 min to block endogenous peroxidase activity. Antigen retrieval was made in citrate buffer, pH 6.0, for 25 min and then tissues were blocked in 5% normal serum for 30 min. Slides were incubated with primary antibody as PTEN monoclonal mouse antihuman antibody followed by secondary biotinylated antibody. Sections were then washed in phosphate buffer and incubated with streptavidin peroxidase for 20 to 25 min. Lastly, diaminobenzidine (DAB) was used as chromogen and then sections were counterstained with hematoxylin stain, a photograph was captured, and the results were interpreted accordingly.
Scoring Method
PTEN protein showing less than or equal to 10% of cells showing positivity was considered a negative case. If more than 10% of cells were positive for PTEN, this was considered as a positive case. The expression positivity was applied, +1 for 10% to 30% expression was considered as weak expression, +2 for 31% to 70% expression was moderate positivity, and +3 for more than 71% was considered strong expression. A total of 5 fields from each tissue were selected, and 100 cells from each field were counted and the result was interpreted 2.6. TUNEL Assay Apoptosis in liver tissues was detected by the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL) kit (Abcam, UK) following the manufacturer's protocol. Concisely, terminal deoxynucleotidyl transferase (TdT) attached to 3 -OH ends of DNA fragments generated and catalyzed the addition of biotin-labeled deoxynucleotides. Moreover, biotinylated nucleotides were bound with a streptavidin-horseradish peroxidase conjugate. Finally, diaminobenzidine (DAB) reacted with the horseradish peroxidase-labelled sample to generate a colored (brown) substrate at the site of DNA fragmentation. Apoptotic activity was quantified by the apoptotic index, which represented the percentage of apoptotic epithelial cells in each tissue. Apoptosis was measured by counting the percentage of positive cells and a photograph was taken, and the result was interpreted.
Transmission Electron Microscopy (TEM)
Transmission electron microscopy was performed using the method previously described [16] with little modifications. Briefly, around a 3 to 5 mm piece of liver tissue was fixed in freshly prepared 3% glutaraldehyde at 4 • C for 24 h. The samples were washed in phosphate buffer and stored at 4 • C for further processing. After fixation, the samples were washed in 1% osmium tetroxide, dehydrated via ethanol series and cleared using propylene oxide, and then embedded in resin. Round 50-nm thick sections were cut using ultramicrotome and sections were stained through uranyl acetate and lead citrate, photographed with transmission electron microscopy, and the results were interpreted accordingly.
Cell Cycle Analysis
Flow cytometry using propidium iodide (PI) staining was used to identify the cell distribution during the various phases of the cell cycle according to the manufacturer's instructions. Concisely, cells were harvested and washed in phosphate buffer saline, and fixed in cold ethanol for 25 to 30 min at a low temperature of 4 • C. In addition, cells were washed two times in phosphate buffer saline and centrifuged and the RNase was added. Finally, 150-200 µL of propidium iodide was added and forward scatter and side scatter were measured to identify single cells. This is usually determined by their frequency histogram, which offers information about the relative frequency of cells in the phases of the cell cycle.
Statistical Analysis
Data from each treated group are expressed as means ± SEM. Statistical comparison between groups was made using SPSS software by matching analysis of variance. A p-value < 0.05 was considered as statistically significant.
Results
EGCG Reduces the Serum Level of Biochemical Enzymes
In liver injury, alterations occur in the transportation function of hepatocytes, thus triggering leakage in the plasma membrane and henceforth causing an increase of serum levels of liver enzymes. The levels of liver function enzymes, including alanine transaminase (ALT), alkaline phosphatase (ALP), and aspartate transaminase (AST), were measured in all experimental groups. The levels of enzymes, including ALT, ALP, and AST, were significantly higher in the DEN only-treated group (disease control) than the normal control group (p < 0.05). Moreover, DEN with EGCG-treated group demonstrated significantly lower levels of all tested enzymes in comparison to the DEN-only group (p < 0.05) ( Figure 1 ).
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Antioxidant Activity of EGCG
The antioxidant activity of EGCG was analyzed by measuring the serum levels of hepatic antioxidant enzymes, including SOD, CAT, and GPx. The activities of antioxidant enzymes, such as SOD, CAT, and GPx, were found to be significantly decreased in the DEN only-treated group compared to the control group ( Figure 2 ). Furthermore, the activities of SOD, CAT, and GPx meaningfully increased in the DEN + EGCG group (p < 0.005). Moreover, the total antioxidant capacity was significantly decreased in the DEN only-treated group as compared to the control group. However, the total antioxidant capacity was found to be significantly increased in the DEN + EGCG group (p < 0.005) ( Figure 2 ). This result clearly demonstrated that EGCG plays a vital role in liver damage protection by improving antioxidant enzyme levels. Aspartate transaminase(AST) activity in DEN-induced liver injury. Enzyme levels, including ALT, ALP, and AST, were significantly higher in the DEN-treated group than the normal control group. Moreover, the DEN + EGCG group revealed considerably lower ALT, ALP, and AST values than the DEN-only group. Statistical significances are compared between control versus DEN-treated groups only (p < 0.01), and DEN-treated versus DEN plus EGCG (p < 0.05).
The antioxidant activity of EGCG was analyzed by measuring the serum levels of hepatic antioxidant enzymes, including SOD, CAT, and GPx. The activities of antioxidant enzymes, such as SOD, CAT, and GPx, were found to be significantly decreased in the DEN only-treated group compared to the control group (Figure 2) . Furthermore, the activities of SOD, CAT, and GPx meaningfully increased in the DEN + EGCG group (p < 0.005). Moreover, the total antioxidant capacity was significantly decreased in the DEN only-treated group as compared to the control group. However, the total antioxidant capacity was found to be significantly increased in the DEN + EGCG group (p < 0.005) ( Figure 2 ). This result clearly demonstrated that EGCG plays a vital role in liver damage protection by improving antioxidant enzyme levels. 
EGCG Reduces the Serum Levels of CRP and Pro-Inflammatory Mediators-TNF-α and IL-6
DEN treatment increases the levels of pro-inflammatory cytokines TNF-α and IL-6 in the serum of animals, as compared to the serum of animals without any treatment (control) (p < 0.05). On the other hand, treatment with EGCG significantly decreased their levels (p < 0.05). The level of CRP was high in the serum of animals of the DEN only-treated group, as compared to the serum of animals without any treatment, and treatment with EGCG significantly decreased the level of CRP (Figure 3 ). 
EGCG Reduces Hepatic Histological Alterations
Liver tissues from all the experimental groups were analyzed through H&E staining and histological findings were compared accordingly (Figure 4a-e ). The DEN only-treated group displayed altered liver tissues, including dilate and congested central vein, hemorrhage and increased inflammatory cells in the portal tract, hemorrhage, and necrosis. However, these alterations were found to be significantly mild/lower in the EGCG-treated group (p < 0.05). 
Immunohistochemical Analysis
Expression of PTEN protein was evaluated in the tissues of different groups via immunohistochemistry staining. PTEN protein expression was noticed in all groups (Figure 5a-d) and loss of PTEN protein expression was not observed in any of the groups. The expression pattern of PTEN protein among different groups was found to be statistically insignificant (p > 0.05). 
Evaluation of Apoptotic Bodies Via TUNEL Assay
Control tissue, EGCG-treated group, and DEN + EGCG group tissue did not possess apoptotic nuclei as indicated by the TUNEL assay. However, some positive TUNEL cells were observed in the DEN only-treated group (Figure 6a-d) . 
Effect of EGCG on Ultrastructure Changes of Liver
An electron microscopy-based experiment was performed to analyze the ultrastructure of liver tissue. The hepatocytes of the liver tissue of the normal control group demonstrated normal 
An electron microscopy-based experiment was performed to analyze the ultrastructure of liver tissue. The hepatocytes of the liver tissue of the normal control group demonstrated normal mitochondria and most of the mitochondria were spherical or round-shaped, dense granulated cytoplasm, smooth endoplasmic reticulum tubules with cristae normally present and normal rough endoplasmic reticulum whereas the observation of hepatocytes in the DEN-treated group showed extensive cellular damage. It was seen that a swollen and reduced number of mitochondria, distorted shape mitochondria, large clumps of glycogen surrounding cell organelles, broken SER tubules, and dilation of the rough endoplasmic reticulum (p < 0.05). A number of damaged hepatocytes were found in the DEN-only treatment group, and the majority of the cytoplasmic organelles in these cells were degraded. The hepatocytes of liver tissue of the DEN plus EGCG-treated group showed a reduction of the damage in hepatocytes. Mitochondria are spherical or round-shaped but the presence of some dilated mitochondria, presence of glycogen clump, well-developed SER-ER tubule, and few lysosomes. The normal hepatocytes were seen in the EGCG only-treated group (Figure 7a-d) . 
Effect of EGCG on the Cell Cycle
Cell cycle analysis was done using flow cytometry. A relative frequency of cells in different 
Cell cycle analysis was done using flow cytometry. A relative frequency of cells in different phases of the cell cycle were calculated. The control group (a) contained around 80% of cells in the S and G2/M phase. However, cells were arrested in the sub-G1 phase in tissues treated with DEN only (b). On the other hand, the EGCG plus DEN (c) treatment allowed the cells to move from the sub-G1 phase to the G1 and S phase as indicated by an increased frequency of cells in the S and G2/M phase (~93%). (d) The EGCG only-treated group (Figures 8a-d and 9a-d) . 
Discussion
The current study results provide evidence of the role of EGCG in the regulation of apoptosis, antioxidant production, and inflammatory cytokines in rat liver damage with the concept of mitochondrial homeostasis. Significantly, the current study results also advocate for an argument for further analysis of EGCG or structurally related molecules as inhibitors of TNF-α and IL-6 synthesis and possibly other cytokine-regulated diseases. The anti-inflammatory, tumorsuppressing, and anti-oxidative effects of EGCG have been studied formerly. Howbeit, its antioxidant effect is the most imperative one [26, 27] . During liver injury, the generation of free radicals and reactive oxygen species plays a critical role in the augmentation of tissue damage. As the injury proceeds, inflammatory cascades are activated, leading to the release of proinflammatory cytokines and free radicals, which finally causes activation of inflammatory Kupffer cells and recruitment of neutrophils at the site of injury. Stimulated inflammatory cells are accountable for the generation of more free radicals and provoked secretion of pro-inflammatory mediators. A large amount of released free radicals induce lipid peroxidation in the cellular phospholipid bilayer, which can damage the cytosol and other cellular organelles [5] . Thoughtfully, the anti-oxidative effects of EGCG come into action through activation of anti-oxidation protective signaling, thus reducing injury [28, 29] . Similarly, other studies have shown anti-oxidative and preventive effects of EGCG on different hepatic injury animal models [30, 31] .
In the current study, DEN-induced liver injury in a rat model was characterized by an increase in the secretion of pro-inflammatory cytokines, including IL-6 and TNF-α. This study shows that EGCG ameliorated liver injury along with a decrease of IL-6 and TNF-α levels in serum. These results are supported by previous studies in which IL-6 deficiency or IL-6R blockade ameliorated hepatocyte damage, indicating that the control of IL-6 production may produce a valuable outcome in liver injury [32, 33] . A previous study by Jamal et al. [34] showed that administration of green tea polyphenols showed a role in the prevention of acute liver injury in mice by reducing CRP, IL-6, 
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In the current study, DEN-induced liver injury in a rat model was characterized by an increase in the secretion of pro-inflammatory cytokines, including IL-6 and TNF-α. This study shows that EGCG ameliorated liver injury along with a decrease of IL-6 and TNF-α levels in serum. These results are supported by previous studies in which IL-6 deficiency or IL-6R blockade ameliorated hepatocyte damage, indicating that the control of IL-6 production may produce a valuable outcome in liver injury [32, 33] . A previous study by Jamal et al. [34] showed that administration of green tea polyphenols showed a role in the prevention of acute liver injury in mice by reducing CRP, IL-6, and TNF-α. However, this study specifically provides insight into one of the potential mechanisms of EGCG's liver protective activity.
Moreover, EGCG treatment also increases the levels of anti-oxidative enzymes SOD, CAT, and GPx, suggesting the activation of anti-oxidation protective signaling pathways to provide protection against oxidative damage. The upregulation of serum levels of AST, ALP, and ALT is a strong indication of the manifestation of oxidative stress in DEN-induced liver injury. The current study result demonstrates that EGCG reduces oxidative stress by reducing the serum levels of these liver functionality enzymes. It has been reported that oxidative stress regulates the apoptotic signaling pathway in cells. This result agrees with a previous finding that treatment with EGCG plays a significant role in the reduction of liver injury, oxidative stress, and the inflammatory response [5] . Moreover, EGCG also significantly attenuated the severity of CCl (4)-induced liver injury and the progression of liver fibrosis. Another study reported that in vitro model of oxidative stress induced by ethanol provided evidence that EGCG prevented some aspect of liver cell injury caused by ethanol [35] .
PTEN is one of the tumor suppressor genes and it is located in the 10q23 region encoding for a 403-amino acid multifunctional protein that comprises lipid and protein phosphatase activities [36] . The overexpression/altered expression of PTEN protein has been noticed in tumors [37] . Several studies have suggested a role for PTEN in hepatic injury [38, 39] , but the expression pattern of PTEN protein among different groups was statistically insignificant in the current study.
Mitochondria are the major source of endogenous reactive oxygen species, and altering mitochondrial homeostasis is a known mechanism for toxic compounds, including DEN [40, 41] . EGCG treatment significantly improves mitochondrial health and number as determined by our TEM study; several studies [42] [43] [44] with EGCG are in accordance with our study. Further studies are needed to fully investigate this mechanism.
Previous study have suggested that PARP is a family of proteins involved in a number of cellular processes including DNA repair and apoptosis [45] . This has been evidently established by an increase in apoptotic nuclei upon DEN-induced liver injury. However, EGCG decreases the presence of apoptotic nuclei as demonstrated by the TUNEL assay. Therefore, the present data advocate that administration of EGCG plays a role in the reduction of liver injury-related cell apoptosis, possibly by decreasing cleaved caspase-3 and cleaved caspase-9 levels. Thus, the accumulation of DEN in the liver caused several damaging effects, including marked pathological changes in liver enzyme activities, generation of reactive oxygen species, and DNA damage, as well as apoptosis. These effects were reversed by administration of EGCG. Additionally, EGCG administration displayed a clear effect on the cell cycle, accompanied by a decrease in the sub-G1 population (indicating apoptosis) and a significant increase in S or G2/M (indicating cell proliferation), the mechanism of which needs to be further elucidated. A previous finding was in accordance with the current finding and the study reported negative regulators of the protein kinases and cyclins, thus arresting the cell cycle at the eG 0 /G 1 phase [46] , and EGCG, a chief compound of green tea, inhibited DNA synthesis and arrested the cell cycle at the G0/G 1 phase [47] .
In conclusion, the result of the current study demonstrates that EGCG treatment reduced the amount of DEN-induced hepatic injury by decreasing mitochondrial oxidative stress and cellular apoptosis. Furthermore, it was also revealed that EGCG inhibits CRP, TNF-α, and IL-6 production and suppresses the inflammation process. Hence, EGCG can be used as a plausible therapeutic tool against liver injury and other liver-associated diseases.
